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INVESTIGATIONSUNDERTAKEN

Geodeticmeasurementsshow thatcrustaldeformationin theSanFranciscoBayareavariesboth
in spaceandtime. Muchof thisdeformationis dueto strainaccumulationandreleasealongtheSan
Andreas,oneof themostseismicallyhazardousfault systemsin theU.S.To betterunderstandthe
distributionandrateof loadingof its individual faults,andthetiming andhazardsposedby future
earthquakes,our collaborative groupinstalledandmaintainstheBay AreaRegionalDeformation
(BARD) network of GlobalPositioningSystem(GPS)permanentstations.This network provides
continuous,nearreal-timemonitoringof crustaldeformationin theBay AreaandnorthernCali-
fornia(Murrayetal.,1998a).It is acooperativeeffort of theBerkeley SeismologicalLaboratoryat
UC Berkeley (BSL), theUSGeologicalSurvey (USGS),andseveralotheracademic,commercial,
andgovernmentalinstitutions.Startedby theUSGSin 1991with 2 stationsspanningtheHayward
fault (King et al., 1995),BARD now includes40 permanentstationsandwill expandto about50
stationsin 2000(Figure1). Theseinclude18 maintainedby theBSL (including two with equip-
mentprovidedby LawrenceLivermoreNationalLaboratory(LLNL), andtheSatlocCorporation),
10 by theUSGS,2 by Trimble Navigation,andoneeachby LLNL, StanfordUniversity, andUC
Davis. Otherstationsaremaintainedby institutionsoutsideof northernCalifornia, suchas the
NationalGeodeticSurvey, theJetPropulsionLaboratory, andtheScrippsInstitutionof Oceanog-
raphy, aspartof largernetworksdevotedto real-timenavigation,orbit determination,andcrustal
deformation.

During fiscalyear1998–99,theBerkeley SeismologicalLaboratory(BSL) installed3 new sta-
tionsandconverted2 otherstationsto continuousoperationalmode,all locatedin theBay Area.
We performedsignificantupgradeson all existing stations,includingfirmwareupgradesto make
the receiversY2K andGPSweekrollover compliant,andinstalledantennaadaptersanddomes
at moststationsto provide greaterprotectionanduniformity to the network. We have prepared
many stationsto transmitthe datathroughcollocatedseismicdataloggersfor morerobust real-
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time telemetry. We have helpedto developdatabaseschemaandfile formatsfor the UNAVCO-
sponsoredGPSSeamlessArchiveCentersproject,whichwill provideaneasier, morereliable,and
moreuniformmethodto retrievedatafrom adistributedsystemof archives,includingtheNCEDC
archive maintainedby theBSL. We have testedanexperimentalsingle-frequency receiver devel-
opedby UNAVCO to improve our monitoringcapability in the vicinity of hazardousfaults. We
determineda self-consistentdeformationfield for northernCaliforniaandNevadathatshows ex-
tensionacrosstheBasinandRangeProvince,a relatively stableSierran-GreatValley block, and
right-lateralshearacrossthe SanAndreasfault systemaccommodatingabout35 mm/yr of the
Pacific-NorthAmericarelativeplatemotion.Wealsodetectedtransientdeformationatonestation
associatedwith theAugust1998M=5.1 SanJuanBautistaearthquake.

RESULTS

Site Installations

Duringfiscalyear1998–99threenew BARD stationswerepermitted,designed,constructedand
equippedwith AshtechZ-12 receiversby theBSL staff. StationMONB is locatedon Monument
Peakin theMissionHills, eastof SanJose,in a tectonicallycomplicatedregion neartheintersec-
tion of theCalaverasandsouthernHaywardfaultswheretheseismicityappearsto stepoveralong
the Mission fault. StationPTRB is locatednearthe historic lighthousein the Point Reyes Na-
tionalSeashore,at thewesternmostpoint of landin thenorthBayArea.MidwaybetweentheSan
Andreasfault (SAF) andtheFarallonIslands,it will provide valuableconstraintson deformation
westof the SAF. StationPOTB is locatedat the PotreroHills-OEA AerospaceInc. facility near
Fairfield, just westof theCentralValley. Thesite is collocatedwith BDSN seismicinstruments,
allowing bothinstrumentsto sharethesamepowerandtelemetrysubsystems.

TheBSL staff alsoperformedsignificantmodificationsto two stationsto convert themto con-
tinuousoperations.StationsLUTZ andSODB,bothin SantaClaracountyin thesouthBay Area,
formerly usedTrimble receiversoperatedintermittentlyby UC Davis dependingon their avail-
ability. In early1999,theBSL assumedresponsibilityfor these2 stations,installedAshtechZ-12
receivers,andmadethepowerandtelemetrysystemsconsistentwith thestandardBSL stationcon-
figuration.Bothsitesarelocatedin a tectonicallycomplex regionbetweentheSAF andCalaveras
faultwheretransientdeformationhasbeenobservedin thepast,particularlyin theaftermathof the
1989LomaPrietaearthquake (Bürgmannet al., 1997).

Eachof thesenew stationsconformsasmuchaspossibleto the standardstationconfiguration
developedby theBSL. They usea low-multipathchoke-ringantenna,typically mountedto a re-
inforcedconcretepillar approximately0.5–1.0meterabove local groundlevel. If possible,the
reinforcingsteelbarsof thepillar aredrilled andcementedinto rockoutcropto improvelong-term
monumentstability. Low-lossantennacablesareusedto minimizesignaldegradationonthelonger
cablesetupsthatnormally would requiresignalamplification. Continuoustelemetryis provided
by a combinationof radio modemor frame-relaytechnologies.Low-voltagecutoff devicesare
installedto improve receiver performancefollowing power outages.TheAshtechZ-12 receivers
areprogrammedto recorddataonceevery30seconds,observingupto 12satellitessimultaneously
at elevationsdown to thehorizon.

During 1997-99BSL staff installeda reinforcedconcretemonumentat the Site 300 explosion
testing facility (S300,Figure 1) of the LawrenceLivermoreNational Laboratory, and worked



closelywith LLNL andTrimble representativesto designa multi-purposesystem,maintainedby
LLNL, thatbecamefully operationalin April 1999.Thissystemalsoprovidesreal-timekinematic
surveying (cm-level) anddifferentialpositioning(meter-level) capabilities.Becauseit is locatedat
oneof theeasternmostsitesin theDiablo Range,it will provide valuableconstraintson the total
deformationaccommodatedbetweentheSierraNevadarangeandtheSanAndreasfault system.
Installationsarealsocurrentlybeingpermittedandpreparedat severalothersites,includingBarn-
abePeak(BRNB), just eastof theSAF in thenorthBay Area, in theModocplateau(MODB) in
thenortheastcornerof California,andtwo stations(COYB andSUNB)thatwill becollocatedwith
USGSboreholestrainmetersalongthesouthernHaywardfault.

Site Upgrades

The BSL staff performedsignificantmodificationsto nearly all the other BSL stations. The
firmwareon every Ashtechreceiver wasupgradedto a versioncompatiblewith both4-digit year
numbers,in anticipationof the year2000 (Y2K), andwith the GPSWeekRollover. The GPS
satelliteskeeptime in weeksandsecondsof week,beginning on Sunday, January6, 1980. On
August22, 1999, the weeknumberchangedfrom 1023 to 0000 internally on the satellitesdue
to memorybit limitations. The receiver firmwarewasmodified to maintaincontinuity of week
numberaftertherollover. Noneof theBSL receiverswereadverselyaffectedby theseproblems.

The BSL staff also installedantennadomesat many of the stations. We purchasedSCIGN-
designedhemisphericaldomesusingfederal(USGS)funding. Domescover theantennasto pro-
vide securityandprotectionfrom theweatherandothernaturalphenomenon.Previously theBSL
stationshada mixture of dometypesor noneat all, addinga potentialnon-uniformityto signal
delaysandantennaphasepatterns.Thenew SCIGNdomeis designedfor theDorne-Margolin an-
tennasandminimizesdifferentialradiopropagationdelaysby beinghemisphericalaboutthephase
centeranduniform in thicknessat the0.1mm level. It is alsovery resistantto damageand,in its
long form in combinationwith the SCIGN-designedantennaadapter, cancompletelycover the
domeandcableconnectionsfor addedprotection.Tall domesandadapterswereinstalledat 5 sta-
tionsthatrequirethemostsecuritydueto public accessibility:DIAB, MUSB, PTRB,SAOB, and
YBHB. Shortdomeswereinstalledat 7 lessaccessiblestations:HOPB,LUTZ, MHCB, MONB,
PKDB, POTB, andSODB.

Additionalmodificationsweremadeto anumberof theexistingstationsto makethemconsistent
with thestandardBSL stationconfiguration.Low-voltagecutoff devices,which improve system
performancefollowing poweroutages,wereinstalledat6 stations:BRIB, MHCB, PKDB, SAOB,
SUTB,andTIBB. Lightning protectorswereinstalledon short-haulmodemcablesat CMBB and
SAOB. TheBSL staff alsohelpedto installadirectserialconnectionto aUNIX workstationat the
UCD1 stationmaintainedby UC Davis. Thenew telemetrypathallows automatedftp retrieval of
the datain near-realtime,dramaticallyimproving on the previous intermittentmanualdownload
method.

Continuous Telemetry

The BSL currently maintainsand retrievesdatafrom 18 AshtechZ-12 receivers. Data from
all stationsarecollectedat 30-secondintervals,transmittedcontinuouslyover serialconnections,
collectedinto 24-hourraw serialfiles andprocesseddaily. Theserialconnectionsto 12 sitesuse
framerelaytechnology, onesite(TIBB) hasadirectradiolink to Berkeley andseveralsites(FARB,



MUSB, PTRB,SODB,andSUTB) usea combinationof radioandframe-relaytechnologies.We
have developedsoftwareto interpretandcollect the raw serialoutput into hourly files, which is
thenconvertedto thestandardinterchangeRINEX formatusingtheTEQCsoftwaredevelopedby
UNAVCO.

TencurrentGPSstationsarecollocatedwith broadbandseismometersandQuanterradatacol-
lectors.With thesupportof IRIS wehavedevelopedsoftwarethatwill allow continuousGPSdata
to be storedon andretrieved from the Quanterradataloggers(Perinet al., 1998). This approach
preservesGPSdataduringtelemetryoutages,andwill beusedat all thecollocatedstationsaftera
new versionof theQuanterrasystemsoftwareis installedthis Fall. In anticipation,wehaveestab-
lishedandtestedserialconnectionsbetweentheGPSreceiversanddataloggersatsix sites:FARB,
HOPB,MHCB, PKDB, POTB, andYBHB.

Data Archival and Distribution

Raw andRINEX datafiles from the18 BSL stationsandtheotherstationsrun by BARD col-
laboratorsarearchivedat theBSL/USGSNorthernCaliforniaEarthquake DataCenter(NCEDC)
dataarchive maintainedat the BSL (Romanowicz et al., 1994). The dataare checked to ver-
ify their integrity, quality, completeness,andconformanceto the RINEX standard,andarethen
madeaccessible,usuallywithin 2 hoursof collection,to all BARD participantsandothermem-
bersof the GPScommunitythroughInternet,both by anonymousftp and by the World Wide
Web (http://quake.geo.berkeley.edu/bard).Dataandancillary informationaboutBARD stations
compatiblewith standardssetby theInternationalGPSService(IGS) arealsosimilarly available.
PleasecontactRayBaxter(510-642-3977,bard@seismo.berkeley.edu)for furtherinformation.

In thepastyeartheBARD ProjectandtheNCEDChavecollaboratedwith UNAVCO andother
membersof theGPScommunityto definedatabaseschemaandfile formatsfor theGPSSeamless
Archive Centers(GSAC) project. Whencompletedthis project will allow a userto accessthe
mostcurrentversionof GPSdataandmetadatafrom distributedGSAC locations. The NCEDC
will participateat several levels in the GSAC project: as a primary provider of datacollected
from BSL-maintainedstations,asa wholesalecollectionpoint for otherdatacollectedin northern
California,andasaretail provider for theglobaldistributionof all dataarchivedwithin theGSAC
system.We have producedmonumentationfiles describingthedatasetsthatareproducedby the
BARD project or archived at the NCEDC, andare working to implementprogramsthat create
incrementalfiles describingchangesto theholdingsof theNCEDCsothatothermembersof the
GSAC communitycanprovideup-to-dateinformationaboutour holdings.

L1 System

TheBSL staff is evaluatingtheperformanceof theUNAVCO-designedL1 systemin anurban
setting. This single-frequency receiver is relatively inexpensive but is lessaccuratethan dual-
frequency receiver thatcancompletelyeliminatefirst-orderionosphericeffects.Hencewe expect
theL1 systemto bemostusefulfor shortbaselinemeasurementswhereionosphericeffectswould
tend to canceldue to similar propagationpaths. We plan to deploy this self-containedsystem,
which usessolar polar andan integratedradio modem,in the vicinity of the Hayward fault to
improve thespatialdensityof our monitoringeffort. TheBSL borrowed2 receiversanda master
radiofrom UNAVCO to performtheevaluation.Considerablehardwareandsoftwaredevelopment
wasrequiredbeforethesystembecameoperationin June1999.Baselinelengthsestimatedusing



theGAMIT softwarehave cm-level precisionout to 10-kmlengthsif ambiguityresolutionis not
attempted,but areseveraltimesworseif it is attempted,andarenot improvedby processingmore
than2 stationssimultaneously. Theseresultsarecontraryto thosetypically obtainedusingdual-
frequency data. We are currently working with MIT to assesshow to improve the ambiguity
resolutionalgorithmsandwith UNAVCO to investigateotheranalysispackages,suchasBernese,
thatmaybebettersuitedto this datatype.

Data Analysis

The datafrom the BARD sitesgenerallyare of high quality and measurerelative horizontal
positionsatthe2-4mmlevel. The24-hourRINEX datafilesareprocesseddaily with anautomated
systemusinghigh-precisionIGS orbits. Final IGS orbits, availablewithin 7-10 daysof the end
of a GPSweek,areusedfor final solutions. Preliminarysolutionsfor network integrity checks
andrapid fault monitoringarealsoestimatedfrom PredictedIGS orbits (availableon the same
day)andfrom RapidIGS orbits (availablewithin 1 day). Datafrom 5 primary IGS fiducial sites
locatedin NorthAmericaandHawaii areincludedin thesolutionsto helpdefineaglobalreference
frame.Averagestationcoordinatesareestimatedfrom 24hoursof observationsusingtheGAMIT
softwaredevelopedat MIT andSIO,andthesolutionsareoutputwith weaklyconstrainedstation
coordinatesandsatellitestatevectors.

Processingof datafrom theBARD andothernearbynetworks is split into 6 geographicalsub-
regions: the Bay Area, northernCalifornia, Long Valley caldera,southernandnorthernPacific
Northwest,and the BasinandRangeProvince. Eachsubnetincludesthe 5 IGS stationsand3
stationsin commonwith anothersubnetto help tie thesubnetstogether. Theweaklyconstrained
solutionsarecombinedusingthe GLOBK softwaredevelopedat MIT, which usesKalmanfilter
techniquesandallows tight constraintsto be imposeda posteriori. This helpsto ensurea self-
consistentreferenceframefor thefinal combinedsolution. Thesubnetsolutionsfor eachdayare
combinedassuminga commonorbit to estimateweakly constrainedcoordinate-onlysolutions.
Thesedaily coordinate-onlysolutionsarethencombinedwith tight coordinateconstraintsto esti-
mateday-to-daycoordinaterepeatabilities,temporalvariations,andsitevelocities.Theestimated
relativebaselinedeterminationstypically have2–4mmWRMSscatterabouta linearfit to changes
in northandeastcomponentsandthe10–20mm WRMSscatterin theverticalcomponent.

Wearealsodevelopingreal-timeanalysistechniquesthatwill enablerapiddeterminations( min-
utes)of deformationfollowing major earthquakesto complementseismologicalinformationand
aiddeterminationsof earthquake location,magnitude,geometry, andstrongmotion(Murrayetal.,
1998c).Wecurrentlyprocessdataavailablewithin 1 hourof measurementfrom the18continuous
telemetryBSL stations,andseveralotherstationsthatmaketheirdataavailableonanhourlybasis.
The dataarebinnedinto 1 hour files andprocessedsimultaneously. The scatterof thesehourly
solutionsis muchhigher thanthe 24-hoursolutions:10 mm in the horizontaland30-50mm in
thevertical. Our simulationssuggestthatdisplacements3-5 timestheselevelsshouldbereliably
detected,andthatthecurrentnetwork shouldbeableto resolvethefinite dimensionsandslip mag-
nitudeof a M=7 earthquake on the Hayward fault. We arecurrentlyinvestigatingotheranalysis
techniquesthatshouldimproveupontheseresults,suchasusingaKalmanfilter thatcancombine
themostrecentdatawith previousdatain nearreal-time.



Deformation in Northern California and Nevada

Averagevelocitiesfor the longestrunningstationsfrom BARD andothernearbynetworksare
shown in Figure2. To accountfor colored-noiseerrorprocesses,suchasmonumentwander, mul-
tipath,andatmosphericeffects,we scaledthe formal uncertaintiesaccordingto the approximate
expressiongivenby Mao et al. (1999)for the total uncertaintyof velocity asa function of both
thewhite noiseandflicker noiseuncertaintiesappropriatefor North Americansites. This flicker
noisemodelresultsin velocity uncertainties6–12timestheir formal uncertainties.Thevelocities
arerelative to stableNorthAmerica,asdefinedby thefive IGSfiducial stations.

Stationsin easternNevadashow little motionrelative to North America,whereasthestationon
theFarallonIslands(FARB), 30km offshorenearSanFrancisco,is moving at46mmyr � � N35

�
W.

This is consistentwith the motion predictedby NUVEL-1A for the Pacific plate(DeMetset al.,
1994), indicating that the network spansnearly the entiredeformationfield associatedwith the
plateboundary.

TheSanAndreasFault systemaccommodates� 35 mm yr � � parallelto thepredictedplatemo-
tion acrossa 100-kmwide zonenearthe coast. The remaining � 11 mm yr � � of predictedplate
motion is distributedacrosstheSierran-GreatValley, andBasinandRangeprovincewith signif-
icant velocity componentsnormal to the predicteddirection. This region canbe divided into 3
relatively stablecrustalblocksdelimitedprimarily by seismicitypatterns.TheSierran-GreatVal-
ley (SG)block is locatedbetweentheSAF anda northwesttrendingseismicitybelt betweenLake
TahoeandMountShastain easternCalifornia.Thisseismicitybelt is thewesternedgeof theBasin
andRangeprovince,whichwedivideinto eastern(EB) andwestern(WB) blocksabouttheCentral
NevadaSeismicZone(CNSZ).

Ourpreferredkinematicmodel(Murrayetal., in prep.,2000),assumesasingleangularvelocity
for SGblock,anda singleEulerpole location,but differentangularvelocity ratesfor theEB and
WB blocks.TheWRMS misfitsof thehorizontalcomponentsof 1, 1, and2 mm yr � � for theEB,
WB, andSGregions,respectively. Relativemotionalongtheboundariesbetweentheregionsvaries
with position.BecauseEB andWB sharethesameEulerpole,relativemotionis purelyextensional
acrossobliquelongitudinallines,which theCNSZcloselyapproximates.Thepredictedextension
at 40

�
N, 118

�
W is 3 mm yr � � N75

�
W. Therelative motionbetweenWB andSGat 40

�
N, 121

�
W

is 3 mm yr � � N45
�
W, approximatelyparallelto theseismicitytrend,indicatingthedeformationis

primarily right-lateralstrike-slip.
Motion of stationsneartheSanAndreasfault systemis approximatelyparallelto theNUVEL-

1A predictions(Figure3). Velocitycomponentsnormalto this directiondonotdiffer significantly
from zerowestof theSAFandarelessthan5 mmyr � � for sitesbetweentheSAFandGreatValley.
Theparallelvelocity componentsvary in magnitudealmostlylinearly by � 35 mm yr � � acrossa
100-kmwidezonenearthecoast,whichpreviousstudiesshow is consistentwith interseismicstrain
accumulationon faultsthatarefreely slippingexceptat shallow depths(Lisowski et al., 1991).

To modeltheobserveddeformation,we assumeinterseismicdeformationis a superpositionof
long-termaveragerigid-body motionson eithersideof faults, andback-slipon shallow locked
portionsof faults. This approachis similar to the elasticdislocationmodel commonlyusedin
subductionzonestudies(Savage,1983),exceptwe expressthe long-termaveragemotion using
angularvelocities.Giventhat thewesternmoststationsin our studyform a roughly linearprofile
acrosstheSAFsystemandtheirmotionsarepredominantlyparallelto predictedmotion,wemodel
interseismicstrainaccumulationusingtwo-dimensional(anti-planestrain)screw dislocations.This
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methodis describedin moredetail in Murrayet al. (in prep,2000).
Figure3 shows theresultsusinga modelwith 3 faults,correspondingto theSanAndreas(SA),

Hayward (H), andCalaveras/Concord(CC) fault strands.Given the high correlationsassociated
with determiningfaultgeometryandslip parametersin aparallelfault regime,weassumethefault
locationsareknown from surfacegeologystudies,anduselocking depthsderivedfrom observed
seismicity. Estimateddeepslip rateson SA, H, andCC faultsare19.2,11.3,and7.4 mm yr � � ,
respectively, in reasonablygoodagreementwith neotectonicsstudies(17

�
4, 9

�
2, and5

�
3 mm

yr � � , WGCEP, 1999). We arecurrently extendingthesemethodsto threedimensionsto better
characterizethecomplex geometryof faultsin theSanFranciscoBay area.
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Transient Deformation of the 1998 San Juan Bautista Earthquake

The August1998 Mw=5.1 SanJuanBautistaearthquake produceda detectabledisplacement
signalat thenearbySAOB GPSreceiver (Uhrhammeret al., 1999).Theobservedtransientdefor-
mation,which appearsto have both coseismicandpostseismiccomponents,is similar to nearby
creepandstrainmeterobservations.No significantverticaloffsetwasdetectedandnootherBARD
sitesweremeasurablydisplaced.Relative to the PKDB station(Figure4), SAOB moved north
2.6

�
0.5mmandwest4.3

�
0.6mm. ThisGPS-deriveddisplacement,which representsanaverage

over the six-weekinterval following the earthquake, is more thandoublethat inferredfrom the
moreinstantaneousaccelerometermeasurementsat thecollocatedseismicstationSAO.Continued



aseismicslip on thefault following theearthquake is onepossibleexplanationfor this difference.
Measurementsat the nearbySJSboreholetensorstrainmeter, which show an instantaneous0.5
microstraincoseismicoffset followedby an additional0.5 microstrainincreaseover the next 12
days,areconsistentwith this interpretation(Figure4).

�	�

��

�

Figure4: Transientdeformationfollowing the1998SanJuanBautistaearthquake,asobservedon straindilatometers

(top right), accelerometers(top left), surfacecreepmeters(middle),andGPS(bottom).Modified from Uhrhammeret

al. (1999).

NON-TECHNICAL ABSTRACT

We maintainthe Bay Area Regional Deformation(BARD) network of permanentGlobal Po-
sitioning System(GPS)stationsto betterunderstandcrustaldeformationin northernCalifornia
andthe timing andhazardsposedby futureearthquakescausedby strainaccumulationalongthe
SanAndreasfault systemin the SanFranciscoBay area.During the pastyear, we added3 new
stations,performedmany enhancementsto the existing network, estimatedseveral crustalblock
motionsandfault deepslip rates,anddetecteddeformationdueto a moderate-sizedearthquake
nearoneof theGPSstations.
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